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Generation of electromagnetic fields of extremely high intensity by coherent 
summation of Cherenkov superradiance pulses 
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Abstract  
We demonstrate both theoretically and experimentally the possibility of correlating the phase of a 
Cherenkov superradiance (SR) pulse to the sharp edge of a current pulse, when spontaneous emission 
of the electron bunch edge serves as the seed for SR processes. By division of the driving voltage 
pulse across several parallel channels equipped with independent cathodes we can synchronize 
several SR sources to arrange a two-dimensional array. In experiments carried out, coherent 
summation of radiation from four independent 8-mm wavelength band SR generators with peak 
power 600 MW resulted in the interference maximum of the directional diagram with an intensity 
that is equivalent to radiation from a single source with power 10 GW.  
 
DOI: 10.1103/PhysRevLett.115.114802    PACS numbers: 41.60.Bq.  84.40.Fe.   
 
Numerous scientific and technological applications stimulate interest in the generation of 
ultra-high power coherent radiation.  Approaches that can be suggested to achieve this goal include 
the generation of radiation by a single source with an oversized electrodynamic system. In this case 
special methods (for example, 2D distributed feedback [1,2]) are required to produce spatially 
coherent radiation. Another method is the synchronization of a large number of moderate-power 
sources using a master oscillator [3-5].  
At the same time for short-pulse sources, in particular, for sources based on Cherenkov 
superradiance (SR) of extended electron bunches moving in a slow wave structure (SWS) [6,7], there 
is an alternative opportunity, associated with the correlating the phase of a radiated pulse to the sharp 
edge of a current pulse. In fact, spontaneous emission of the bunch edge serves as the seed for SR 
processes. It gives rise to the stimulated emission including electron self-bunching and subsequent 
radiation of the short high-power electromagnetic pulse. If identical current pulses are sent 
simultaneously to several channels, identical SR pulses will be generated and the coherent 
summation of their amplitudes is possible. For two channel radiation sources such a possibility has 
been experimentally demonstrated in Ref. [8]. However the physical model describing the 
transformation of spontaneous Cherenkov radiation (i.e. the radiation from the unperturbed moving 
particles without the reverse effect of the field [9]) to stimulated radiation is still missing. The 
development of such a model and the reporting of significant new experimental results is the main 
aim of this Letter. In experiments carried out, for the first time a two-dimensional array consisting of 
four synchronized Cherenkov SR generators has been realized, which allows extremely high 
electromagnetic fields in the millimeter band to be obtained. 
The basic physics of the generation of SR pulses initiated by the radiation from the sharp 
edge of a current pulse can be understood from the fundamental model shown in Fig. 1(a). We will 
assume that an extended electron bunch with length bl  moves with the longitudinal velocity 
00v c E  along a strong magnetic field in a planar waveguide with periodically corrugated walls: 
   zhbzb sin1 , where 1b  is the corrugation amplitude, dh S 2 , d  is the corrugation period. 
Under the assumption of small corrugation amplitude db 1  the structure of radiated field is close 
to a TEM mode of the regular waveguide. However, since the electric field should be perpendicular 
to the metal walls of the slightly curved waveguide a small longitudinal component of the electric 
field appears: 
1cos( )z xhb hzE E .                                                               (1) 
Excitation of TEM mode by an electron bunch can be described by the following equation [10] : 
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where b  is the gap between the waveguide walls and J  is the electron current.  
We will represent the electron bunch as a set of macroparticles with a small length l'  and 
different initial positions over the longitudinal axis. The current of the macroparticle with the initial 
coordinate 0z  can be written as   00 QG'V zztlJ , where ³

U V
2
2
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dx , U  is the charge 
density,  xG  is the Dirac delta-function. According to the Eq. (2) the field excited in the waveguide 
by the current J  is given by relations : 
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where  00 1 EQ Zr #h , /Zr r k c . The upper sign in Eq.(3) corresponds to radiation in the 
forward direction ( tzz 00 Q! ), and low sign to radiation in the backward direction ( tzz 00 Q ). 
Thus a single particle moving through a corrugated waveguide radiates a high-frequency (HF) 
component in the direction of the electron movement and a low-frequency (LF) component in the 
opposite direction. The field radiated by the whole bunch is acquired by summation of the fields 
emitted by the individual macroparticles. In the approximation of the unperturbed motion of the 
electrons this summation is reduced to the interference of the radiation from the front and trailing 
edges of the electron bunch. This emission should be interpreted as spontaneous with the total 
radiation power in the operating TEM mode defined by: 
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Significantly higher radiation power can be achieved if the particles¶ self-bunching is taken 
into account. This process is caused by the mutual influence of the electrons and, in fact, develops 
from the spontaneous emission mentioned above. For further analysis it is convenient to introduce 
new independent variables 0 ,z v t[ W W    in which the longitudinal coordinate is moving with the 
electron unperturbed velocity. In these variables substituting Eq. (3) in Eq. (1) we derive the average 
longitudinal force with which the selected macroparticle acts on electrons in other macroparticles:  
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where upper sign corresponds to the region 0[![ , and low sign ± to the region 0[[ . 
Thus, in the frame of our model the electron bunch is described as the gas of macroparticles 
interacting via the longitudinal force (5) with a profile as shown in Fig. 1(b). It is important to note 
that this force has an alternating sign, that leads to the development of self-bunching of the electrons. 
This process can be described by the averaged equations of particle motion in the form: 
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where      0QrW[W[ W cjiji  is the propagation delay of the j-th electron radiation at the 
position of the i-th electron. The total electromagnetic field, radiated by the whole bunch, can be 
found as a sum of the fields (3), emitted by a single electron. 
Simulations of superradiance initiated by the radiation of an electron bunch edge were 
performed for the electron energy of 250 keV, the line current density of 850 A/cm, the gap between 
the waveguide plates of 0.2 cm, corrugation period of 0.33 cm and corrugation amplitude of 
0.013 cm. Under these parameters, the operating frequency was approximately 38 GHz. The current 
pulse duration was considered to be equal to 1 ns. The duration of the current pulse edges was 
approximately 300 ps. The self-bunching of electrons arising under the influence of the averaged 
force (5) is shown in Fig.2(a). In the simulations it is observed that the backward wave radiation with 
a low frequency has the decisive influence on the particles¶ motion. Correspondingly, the electrons 
are bunched in such a way that this component of radiation is amplified. The instantaneous 
distribution of the radiated field is shown in Fig.2(b). At the beginning (at 590 t  ps) it is 
spontaneous and caused by the radiation of the bunch front edge. Then the particles¶ self-bunching 
development leads to the amplification of the LF component and the generation of a SR pulse 
emitted in the ±z direction (at 740 t  ps and 890 t  ps). It is seen that the peak power of this LF 
component (Fig.2(b), at 890 t  ps) significantly exceeds the power of the spontaneous radiation 
(Fig.2(b), at 590 t  ps), as given by Eq. (4). At the same time the amplitude of the high-frequency 
component radiated in the +z direction remains practically constant at the level determined by the 
formula (4). 
More detailed simulations of Cherenkov SR initiated by radiation of the electron beam edge 
have been performed based on the PIC (particle-in-cell) code KARAT [11]. In these simulations the 
geometry of the cylindrical slow-wave structure (SWS) of the Ka-band SR generator and the electron 
injector shown in Fig. 3 (a) coincides with that used in experiments. The beam emission onset at the 
voltage leading edge which rises linearly up to -300 kV for 300 ps accounted for the delay of the 
explosive electron emission development at the cathode [12]. In these simulations, the time of the 
electrons¶ DFFHOHUDWLRQLQWKH³FDWKRGH-DQRGH´JDSLVFRPSDUDEOHWRWKHULVHWLPHRIWKHYROWDJHSXOVH
As a result, kinematic effects [13] provided sharpening of the current front at the entrance of the 
SWS (Fig. 3 (b)) by 40~  ps as compared to the voltage leading edge. Radiation from the current 
sharp edge becomes a seed for the development of the SR pulse (Fig. 3 (c)). PIC simulations, as well 
as modeling using an average approach, show that picosecond variations in the value of the current 
front duration (which, in turn, is defined by the front of the YROWDJH SXOVH SUDFWLFDOO\ GRHVQ¶W
influence the peak power of the SR pulse but changes significantly the time of the SR pulse 
formation (see the dashed line envelopes in Figs. 3(b) and 3(c)). Correspondingly, for coherent 
summation of SR pulses from independent sources it is necessary to provide the stability of the 
current front formation within picoseconds. The possibility of such accuracy was practically 
demonstrated in Ref.13. 
To increase the power of the SR pulse, a profiling of the tubular electron beam trajectories 
along the force lines of the guiding magnetic field and a tapering of the SWS corrugation amplitude 
[6,7] were applied in the simulations, as well as in the experiment. As a result, the peak power of the 
SR pulse of 600 MW was close to the power of the electron pulse [6]. The transverse structure of the 
radiation corresponds to the excitation of the TM01 mode of the cylindrical waveguide. In the 
experiments the radiated field was transformed to a Gaussian wave beam.  
Obviously synchronization of SR pulses generated in parallel channels (Fig. 4 (a)) requires 
adjustment and stabilization of the pulse phase-temporal structure within limits which are much less 
than the wave period 26|mT  ps of the carrier frequency of 38 GHz. In the experiments, to achieve 
acceptable accuracy of the feeding of the independent cathodes, the beam injectors were powered by 
a single high-voltage driver, the pulse of which was split into four channels using an unmatched 
³FURVV-W\SH´SRZHU GLYLGHUȍVSOLWLQWRîȍ. The driver (similar to that described in Ref. 
[14]) had solid-state switches, possessed a stable voltage amplitude 01.0max r|G VV , and formed 
four similar electron beams. The delay and steepness of the voltage fronts in each channel (Fig. 4 (b)) 
could be controlled independently by gyromagnetic non-linear transmission lines with adjustable 
saturation of the ferrite core [14]. Thus, the independent shifts of the voltage (and current) fronts 
were feasible to within a picosecond accuracy that is much less than mT . Similarly to the PIC 
simulations, at the input of SWS the beam front had a sharpened part where the beam current rate of 
rise was as high as ~5 kȺ/ns (Fig. 4(c)).  
Figure 5(a) demonstrates the microwave detector signal envelope with the measurement of 
the radiation from one of the four SR generators in the far field zone at the axis of the 2-D antenna 
array. The signals from the other SR generators had nearly the same shape and represented narrow 
peaks resembling the simulated envelopes (Fig. 3(ɫ)). With the summation of four SR pulses, each 
synchronously radiated in the form of a linearly-polarized Gaussian wave beam, the integral signal 
shown in Fig. 5(b) was observed at the same point of space. This measurement was made with -
12 dB attenuation, i.e., the microwave power in the receiver was reduced by a factor of 16. The 
equality of the amplitudes of the signals presented in Figs. 5(a) and 5(b) demonstrates a quadratic 
rise of the radiation power flux density in the maximum of the interference pattern. The 
reproducibility of the integral signal from pulse to pulse in Fig. 5(b) proves the stability of the SR 
phases of all four generators and the coherent nature of the summation. As a result, the 
experimentally demonstrated summation of the four SR wave beams provided the achievement in the 
paraxial interference maximum of the directional pattern shown in Figs. 5(c) and 5(d) of a power flux 
density which is equivalent to a single Ka-band microwave generator with an output power of 
(600MW u  42) § 10 GW. In particular, at a distance of 1 m from the antennas, the maximum power 
flux density was as high as 10 MW/cm
2
, and the strength of the electrical field attained here was 
~140 kV/cm. 
Thus, theoretical analysis and direct PIC simulations demonstrate the possibility of initiation 
of SR pulse generation by spontaneous emission of the electron beam leading edge. It has also been 
demonstrated experimentally that by division of the driving voltage pulse across parallel channels 
several SR sources can be synchronized to provide a two-dimensional super-powerful array of in-
phase generators. Obviously, in the process of coherent summation the maximum power density will 
grow quadratically with the increasing number of elementary radiators. This innovatory approach 
opens up new opportunities in the generation of microwave pulses with extremely high power 
density in multi-channel sources with the controlled distribution of the high-frequency phase in each 
of them. 
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Figure captions 
 
Fig.1 (Color online) (a) Model used for analysis of initiation of SR pulses generation by spontaneous 
emission from the leading edge of electron bunch moving in periodically corrugated waveguide. (b) 
Longitudinal profile of average force, with which the selected macroparticle acts on electrons in 
other macroparticles. 
 
Fig.2 (Color online) (ɚ) Electrons¶ self-bunching and (b) radiated field longitudinal profile at 
different moments of time.  
 
Fig.3 (Color online) (a) Geometry of the SR generator used in PIC simulations. (b) Beam current 
pulses with different front steepness at the entrance of interaction space z=3.5 cm. (c) Formation of 
SR pulses initiated by radiation of the sharp edge of the current pulses. 
 
Fig.4 (Color online) (a) Principal scheme of four-channel Ka-band SR backward wave oscillator. (b) 
Accelerating voltage pulse applied to each cathode in the experiment. (c) Electron beam current 
recorded at the entrance of interaction space, corresponding to the cross-section z=3.5 cm in 
Fig. 3 (a). 
 
Fig.5 (Color online) (a) SR pulse recorded by microwave detector from a single generator. (b) Three 
VWRUHG GHWHFWRU¶V UHFRUGV of the sum of in-phase SR pulses from four generators. (c) Interference 
pattern of the radiation recorded by gas-discharge matrix panel at a distance of 1.5 m from an array 
of four SR generators. 
 
  
 
 
 
 
 
 
 
 
Fig. 1 
 
 
 
  
 
 
 
 
 
 
 
Fig. 2 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 
 
 
 
 
